This paper aims to study the impact of hardware impairments (HI) on the performance of spatial modulation (SM) system with full-duplex relay (FDR), namely SM-FDR system. To combat the negative effect of HI, a transmit antenna selection (TAS) scheme is applied at transmitter. The system performance in terms of outage probability (OP) and symbol error rate (SER) in case of HI and ideal hardware are compared. Furthermore, the impact of TAS on the system performance is also considered. This study derives successfully the exact expression of the OP and the approximate expression of the SER with TAS under the impact of both HI and residual self-interference (RSI). Both HI and RSI have strong influence on the performance of the SM-FDR system, especially at high data transmission rate, and the influence of the former is higher. However, the system performance is significantly enhanced, i.e. the SER is reduced, when TAS is applied. Therefore, it is recommended to apply TAS to improve the performance of SM-FDR systems when both HI and RSI exist in reality. Finally, all analytical expressions are validated by Monte Carlo simulation.
I. INTRODUCTION
Recently, the number of wireless devices has increased rapidly leading to higher requirements of wireless networks on high data transmission rate and connection reliability. In that context, many solutions have been proposed to improve the spectral efficiency such as full-duplex (FD), spatial modulation (SM), massive multiple-input multipleoutput (MIMO), non-orthogonal multiple access (NOMA) [1] - [3] . In these techniques, FD communication has recently attracted increasing attention as it can double capacity compared to traditional half-duplex (HD) communication. In fact, FD devices can transmit and receive signals simultaneously and on the same frequency band while HD devices can only either transmit or receive signals at a specific time. However, FD performance is reduced due to residual self-interference (RSI) even after self-interference cancellation (SIC). Fortunately, the recent reports demonstrated that FD devices can remove up to 110 dB of self-interference (SI) power and then they can operate in realistic scenarios [4] - [6] .
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Additionally, relay communication has now found its application in various types of wireless networks such as the LTE-A mobile communication, ad hoc networks and vehicle-to-vehicle (V2V) networks. The combination of FD technique and relay network is now attractive and this system can be exploited for the future wireless networks, such as the fifth generation (5G) and beyond [7] - [9] . Therefore, various works have considered the impact of RSI on the performance of FDR systems in terms of outage probability (OP), symbol error rate (SER) and the ergodic capacity [7] , [8] , [10] , [11] . These reports demonstrated that the performance of FDR systems is significantly degraded by RSI. Particularly, the OP and SER of the FDR systems go to some error floor at high SNR regime and cannot be reduced further [2] , [3] , [12] . To alleviate the effect of RSI, it is advisable to apply the optimal power allocation for FDR systems [8] , [9] , [11] .
Beside FDR communications, MIMO systems increase capacity and reliability of wireless communication links compared to single-input single-output (SISO) systems [13] , [14] . However, the multiple antennas in this system increase processing complexity of both transmitter and receiver. At the MIMO transmitter, power consumption is high because VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ all transmit antennas are active to transmit the radio frequency (RF) signals. Moreover, the inter-channel interference (ICI) at the MIMO transmitter can reduce capacity and performance of MIMO systems. At the MIMO receiver side, the high complexity detectors are needed to process numerous received RF chains. To solve these above problems, spatial modulation (SM) has been proposed for MIMO systems. In SM-MIMO systems, the transmitted data bits are conveyed by both constellation point and the index of the activated transmit antenna. Consequently, only one symbol is transmitted, it means SM systems can avoid ICI and synchronization requirement at the transmitter. At the receiver, low-complexity Maximum-Likelihood (ML) detection can be implemented for signal decoding [13] , [14] . As a result, the performance is improved while the complexity of computation and deployment are acceptable [15] .
To increase the capacity of wireless communication systems, FDR and SM techniques have been combined in a system as in [7] , [10] , [15] - [17] . In these works, the performance of SM-FDR systems under the impact of RSI has been studied by analytical expressions such as OP, SER, and capacity. Moreover, both decode-and-forward (DF) and amplify-and-forward (AF) schemes are deployed for these studies. Their results shown a significant impact of RSI on the performance of SM-FDR systems. Particularly, the RSI level, which is a result from FD operation, was also considered in [15] . While the performance of SM-FDR systems has been widely studied in literature, the advantage of transmit antenna selection (TAS) has not been considered yet. In fact, the advantage of TAS has been demonstrated in [18] - [20] but only for half-duplex systems.
Furthermore, although a lot of works have studied the performance of SM-FDR system with ideal hardware, the transceiver hardware impairments (HI) have not been taken into account yet. In reality, they always exist in the system and reduce the performance of wireless systems, especially for low cost devices such as relay nodes [8] , [21] - [24] . Motivated by these above facts, this paper proposes a TAS-SM-FDR scheme to overcome the effect of both HI and RSI. The main contributions of this paper can be summarized as follows:
-The exact expression of signal-to-interference-plusnoise-and-distortion ratio (SINDR) of the TAS-SM-FDR system with HI at all nodes and RSI at FDR node over Rayleigh fading channel is derived successfully.
-The exact expression of OP and approximate expression of SER of the proposed system are also obtained from our analysis. These expressions can also be applied for ideal hardware case and half-duplex mode as two special cases.
-The benefits of applying TAS are analyzed. Based on numerical results, the system performance is significantly enhanced, i.e. SER is reduced when TAS is applied. In particular, SER of the TAS-SM-FDR system with HI is even better than that of ideal SM-FDR system without TAS. Furthermore, the impact of HI on the system performance is also rigourously investigated. It is found from the analysis that the effect of SI are more severe at high data rate regime and HI causes more trouble than RSI with the same level of power.
The rest of this paper is organized as follows. Section II presents the system model of the considered system with HI and RSI. Section III analyzes the system performance with TAS in terms of OP and SER. Numerical results and discussion are provided in Section IV and finally, Section V concludes the paper. Fig. 1 illustrates a three-node network topology of our proposed TAS-SM-FDR system. All three nodes in this system, including the source node S, the relay node R, and the destination node D, are equipped with multiple antennas. Both S and D operate in HD communication mode, where N tS and N rD denote the number of transmit antennas of S and the number of receive antennas of D, respectively. It is assumed that there is no direct link from S to D due to far distance and deep shadow fading. Therefore, data is transmitted from S to D with the help of the relay R. R operates in FD mode and follows the decode-and-forward (DF) strategy, with N tR transmit antennas and N rR receive antennas. With FD capability, R can transmit and receive signals simultaneously and on the same frequency band. Consequently, there exists some self-interference at the receiving antennas caused by the transmit signal of R itself. With the knowledge about its own signal, the relay R may apply various SIC techniques such as antenna domain suppression or analog and digital domain cancellation to suppress this interference to a certain level. It is noted that in reality, R can use shared-antennas for both transmission and reception by using a circulator [4] . However, using separate antennas for transmission and reception can efficiently alleviate the impact of SI, especially by applying the antenna domain suppression method. In fact, it is easy to deploy various methods in antenna domain for separating the antennas such as isolation, placing absorptive shielding, cross-polarization and directional transmission antennas [25] .
II. SYSTEM MODEL

A. IDEAL HARDWARE CASE
Our analysis starts with the ideal hardware case for SM-FDR system. The received signals at R and D in this case are respectively expressed as
where h iR ∈ C N rR ×1 and h jD ∈ C N rD ×1 are respectively the channel vectors from ith transmit antenna of S to N rR receive antennas of R and from jth transmit antenna of R to N rD receive antennas of D;h jR ∈ C N rR ×1 is self-interference channel vector from jth transmit antenna to N rR receive antennas of R; x i (t) ∈ C N rR ×1 and x j (t) ∈ C N rD ×1 are transmitted signals from ith antenna of S and jth antenna of R, respectively; z R (t) ∈ C N rR ×1 and z D (t) ∈ C N rD ×1 are Gaussian noise vectors at R and D, respectively, with zero mean and variance of σ 2 R , σ 2 D , respectively, i.e. z R ∼ CN (0, σ 2 R ) and z D ∼ CN (0, σ 2 D ). Because SM is employed in our model, only one antenna is active among N tS transmit antennas of S and only one antenna is active among N tR transmit antennas of R. Therefore, the channel vectors h iR and h jD are expressed as
where i ∈ {1, 2, . . . , N tS } and j ∈ {1, 2, . . . , N tR }.
B. HARDWARE IMPAIRMENT CASE
In case of imperfect hardware, the impairments in physical transceiver create distortion noise at both transmitter and receiver. Hence, the received signals at R and D in this case are respectively given as
where η t S and η t R are the distortion noises caused by transmitter impairments at S and R, respectively; η η η r R and η η η r D are the distortion noise vectors due to receiver impairments at R and D, respectively. These hardware noise terms are modeled as complex Gaussian distributed random variables or vectors [21] , [23] , [24] . In particular, we have η t S ∼ CN (0, (k t S ) 2 P S ) and η t R ∼ CN (0, (k t R ) 2 P R ), where k t S and k t R denote the levels of hardware impairment at the transmitters S and R, respectively. Similarly, η η η r R ∼ CN (0, h iR 2 (k r R ) 2 P S ) and η η η r D ∼ CN (0, h jD 2 (k r D ) 2 P R ), where k r R and k r D denote the levels of the hardware impairment at the receivers R and D, respectively.
The termh jR (x j +η t R ) in (5) represents the self-interference originated from FD communication. Due to imperfect hardware and SI channel estimation error, SIC techniques at R may not remove SI completely. Let r SI denote the RSI at the FD relay R after applying various SIC techniques, which can be modeled as a complex Gaussian variable [2] , [7] , [12] , [23] , [26] with zero-mean and variance of σ 2 RSI , where σ 2 RSI = l 2 P R . Here, l represents the SIC capability at R. Now, the received signal at R can be rewritten as
When TAS is applied for SM system, a set of transmit antennas is selected from all available antennas at the transmitters. Specifically, we assume that J S and J R are the sets of transmit antennas selected at S and R, respectively. Herein, J S and J R must satisfy |J S | ≤ N tS , |J S | = 2 p , |J R | ≤ N tR , and |J R | = 2 q , where p and q are positive integers. The reason for the power of two is as follows. For SM, the input bit sequence is mapped to the antenna indices. Further, spatial modulator selects the transmit antenna using the mapped antenna index. Thus, the number of antennas in the selected set is equal to the number of symbols in the data alphabet, which is a power of two. In other words, the transmit antenna is varying according to the input binary stream [27] . The ultimate goal for selecting J S and J R is to maximize the total received signal power. For example, let's consider h jD with q = 2 (binary symbol). Assume that the norms of the channel coefficients satisfy
where h 1D , h 2D , . . . , h N tR D are calculated from (4). For binary symbol transmission, two antennas are selected, i.e., |J R | = 2. From (8), we can select J R as
Based on that, either first or second antenna is active for transmitting signals from R to D depending on the incoming data bits, i.e., the first antenna is active to transmit ''0'' bit and the second antenna is active to transmit ''1'' bit. From (7) , the instantaneous SINDR at R (denoted by γ R ) is computed as
where k 2 S = (k t S ) 2 + (k r R ) 2 is the aggregated HI level, which combines both HI terms at the transmitter S (k t S ) and the receiver R (k r R ), andγ R
Similarly, based on (6), the instantaneous SINDR at D (denoted by γ D ) is computed as
where 2 is the aggregated HI level which combines of both HI at the transmitter R (k t R ) and the receiver D (k r D ), andγ D
With DF protocol at FD relay, the end-to-end SINDR (denoted by γ e2e ) of the considered system can be determined as
where γ R and γ D are given in (10) and (11), respectively.
III. PERFORMANCE ANALYSIS A. OUTAGE PROBABILITY ANALYSIS
The outage probability is defined as the probability that makes the instantaneous data transmission rate of the considered system falling below a predefined data rate [28] . For SM system, the information bits are embedded in both the transmitted symbol and the index of the transmit antenna. Therefore, in general the capacity of SM systems is higher than that of single-input multiple-output (SIMO) systems [7] , [13] .
For the considered TAS-SM-FDR system, the OP is computed by
where R SM and R 0 are the instantaneous data transmission rate and predefined data transmission rate of the considered system, respectively. Herein, R SM is calculated as
where N t presents the number of transmit antennas at the transmitter (N t = N tS for S and N t = N tR for R) and γ is SINDR at the receivers, i.e., γ R or γ D . It is also noted that, because DF policy is used at the FD relay, a system outage event occurs when either S -R link or R -D link cannot afford the predefined data transmission rate. As a result, an outage event occurs when
As can be seen from (15) , when the S -R link is in outage, the system outage event occurs, regardless of the fact that the R -D link is in outage or not. When the S -R link is not in outage, that means the SNR of the first hop is above a certain threshold, the system outage event occurs when the R -D link is in outage.
(15) can be written equivalently as
be respectively the instantaneous data transmission rates due to modulation orders of S − R and R − D links. The OP is then defined as
By denoting two thresholds as γ th1 2 R 1 − 1 and γ th2 2 R 2 − 1, (17) becomes
because {γ R < γ th1 } and {γ D < γ th2 } are two independent events. From (18) , the OP of the considered TAS-SM-FDR system is obtained in the following theorem.
Theorem 1: Under the impact of both HI and RSI, the outage probability expression of the considered TAS-SM-FDR system over Rayleigh fading channel is given by
where P out 1 and P out 2 are derived in (20) and (21), as shown at the bottom of the next page,
), (.) and (., .) are the beta, gamma, and incomplete gamma functions [29] , respectively; M and N are the complexity-accuracy trade-off parameters [30] for calculating P out 1 and P out 2 , respectively; φ m = cos (2m−1)π 2M and φ n = cos (2n−1)π 2N . It should be better to know that we use the incomplete gamma function instead of a finite series to reduce the length of the derived mathematical expressions. In fact, from the obtained expressions, we can rewrite these expressions without the incomplete gamma function via replacing the incomplete gamma function by a finite series such as in Appendix A because the parameters are integers.
Proof 1: The detailed proof of this theorem is presented in Appendix A.
B. SYMBOL ERROR RATE ANALYSIS
For wireless system, many approximations or exact values of the SER derived for coherent modulation are given in the following form [28] :
where a and b are constants that depend on the modulation types, for example, (a, b) = (1, 2) and (a, b) = (2, 1) for binary phase-shift keying (BPSK) and 4-quadrature amplitude modulation (4-QAM) modulations, respectively [28] . Notice that the values of a and b for different modulation schemes are determined using Table 6 .1 of [28] ;
∞ x e −t 2 /2 dt is the Gaussian function; γ and F(x) are respectively the end-to-end SINDR of the system and its CDF.
By letting x = t 2 b , we can rewrite (22) as
From (23), the SER of the considered TAS-SM-FDR system can be found in Theorem 2 as follows.
Theorem 2: The SER of the considered TAS-SM-FDR system (using the coherent modulation schemes mentioned above) under the impact of both HI and RSI is computed as
where SER S,R , SER R,D are given as in (25) , as shown at the bottom of the next page, and SER 3 is given by (26) , as shown at the bottom of the next page; C is the complexity-accuracy trade-off parameter for calculating SER;
Proof 2: The detailed proof of Theorem 2 can be found in Appendix B.
IV. NUMERICAL RESULTS AND DISCUSSIONS
In this section, the performance of the TAS-SM-FDR system with HI is evaluated by using analytical expressions in Theorem 1 and Theorem 2, and also verified by Monte Carlo simulations. To clearly indicate the impact of HI on the OP and SER of the considered system, we simulate the OP and SER of the SM-FDR system with ideal hardware first. Then, the OP and SER of SM-FDR system with imperfect hardware but without TAS are also investigated to demonstrate the benefits of TAS. The impact of different parameters, including transmit-power-to-noise-ratio SNR, desired data rate R, HI and RSI level k and l, and number of transmit and receive antennas, on the outage performance is illustrated in this section. We respectively let one of these parameters vary in a certain range while fixing all other parameters. For simplicity, we set the same average transmit power at the transmitters P S = P R = P, the same variance of noises at all nodes σ 2 R = σ 2 D = σ 2 , the same number of transmit (receive) antennas at all transmitting (receiving) nodes N tS = N tR = N t and N rR = N rD = N r , the same size of TAS sets |J S | = |J R | = J = 2, the same HI levels at all nodes k t S = k t R = k r R = k r D = k, the complexity-accuracy trade-off parameters are M = N = C = 10,, and define SNR P/σ 2 . The chosen values of simulation parameters are listed in Table 1 . It is noted that in Fig. 2 , notations ''Wi'' and ''Wo'' denote the case with and without TAS, respectively. Fig. 2 investigates the OPs of the SM-FDR system under imperfect hardware with and without TAS. Equation (19) in Theorem 1 is used to plot the OP of the TAS-SM-FDR system with HI. The OPs of ideal SM-FDR with and without TAS are also plotted on Fig. 2 by analysis and simulation to show the performance difference between the HI and ideal hardware cases. It is clear to see that, the impact of HI is more severe for higher data transmission rate. The difference between the OPs of ideal and non-ideal SM-FDR systems in the case of R = 4 is larger than that in the case of R = 3, either with or without TAS. Fig. 2 shows a strong impact of HI on the OP of SM-FDR system. In the case of R = 3 bit/s/Hz and OP = 10 −3 , the ideal SM-FDR system has the gains of 2.5 dB and 4 dB in the SNR (to achieve the same OP performance) compared to the imperfect harware SM-FDR system with and without TAS, respectively. When the data transmission rate increases, i.e., R = 4 bit/s/Hz, the SNR gains in the case of ideal hardware compared to the case of HI are increased (either with or without TAS). Therefore, when HI exists in the system, it is necessary to use suitable data transmission rate for the SM-FDR system to avoid decreasing the performance. On the other hand, it is shown that TAS significantly improves the performance of SM-FDR systems in case of HI. With R = 3 bit/s/Hz and SNR = 20 dB, the TAS-SM-FDR system with HI has OP = 2 × 10 −4 with TAS while OP = 8 × 10 −2 for the non-TAS case. Fig. 3 illustrates the OPs of the TAS-SM-FDR system with various antenna configurations at S and R, i.e., with the number of transmit antennas N t = 4, 6, 8, respectively. Here, we set R = 2 bit/s/Hz. In Fig. 3 , we use the notation form (N t |J )×N r to describe the antenna configuration, where N t is the number of transmit antennas, J is the number of selected antennas, and N r is the number of receive antennas. For example, (6|2) × 2 means N t = 6, J = 2, and N r = 2. If TAS is not employed, the above SM-FDR system becomes a system with two transmit and receive antennas and is denoted by 2 × 2 (N t = 2 and N r = 2). Fig. 3 demonstrates the benefit of using TAS-SM-FDR system in the case of imperfect hardware. It can be observed that the system OP without TAS nearly reaches 10 −2 at SNR = 20 dB while with TAS, OP = 10 −4 at SNR = 6, 8, 12 dB for (8|2) × 2, (6|2) × 2 and (4|2) × 2 configurations, respectively. In addition, without TAS, the OP slowly reduces at high SNR region and reaches an outage floor due to the impact
20196 VOLUME 8, 2020 of both HI and RSI. Meanwhile, the OP when TAS is applied is rapidly reduced, so the performance of the TAS-SM-FDR system is greatly enhanced. Fig. 4 investigates the impact of HI on the throughput of the considered system in comparison with the ideal hardware case, where the throughput T of the system is defined as T = R(1 − P out ), with P out is given by (19) for TAS-SM-FDR system. In the case of R = 3 bit/s/Hz, TAS-SM-FDR system can reach the target throughput 3 bit/s/Hz at SNR = 14 dB for both ideal and non-ideal hardware cases. However, for the non-TAS case, the throughput of SM-FDR system in both ideal and non-ideal cases reaches the target value of 3 bit/s/Hz at SNR = 20 dB. For higher data transmission rate, i.e., R = 4 bit/s/Hz, only the case of TAS-SM-FDR system with ideal hardware can achieve the target throughput 4 bit/s/Hz at SNR = 16 dB. For all remaining cases, the target throughput 4 bit/s/Hz cannot be achieved for the considered SNR range. From Fig. 2 and Fig. 4 , it is obvious that TAS significantly improves both OP performance and throughput of SM-FDR systems with HI. Fig. 5 illustrates the SER of the considered TAS-SM-FDR system using 4-QAM modulation (a = 2, b = 1). Other parameters for obtaining Fig. 5 are similar to the ones in Fig. 2 . Here, (24) in Theorem 2 is used to plot the analytical curve of the TAS-SM-FDR system with HI and Monte Carlo simulation is conducted to obtain the corresponding simulation curve. Similar to OP, SER can be reduced significantly by applying TAS. As seen from Fig. 5 , the analysis curve and simulation curve perfectly match, except for low SNR regime, where there is a slight difference between analysis and simulation. When SNR = 30 dB, the SER of the TAS-SM-FDR system with HI and the SERs of the ideal or non-ideal hardware SM-FDR systems without TAS go to the error floor due to the impact of both HI and RSI. Only the SER of the TAS-SM-FDR system with ideal hardware can avoid the error floor for the simulation range. At the error floor, SER of the TAS-SM-FDR system with HI is nearly 100 times lower than that of non-TAS SM-FDR system. This confirms again the benefit of using TAS for the SM-FDR system with HI. Fig. 6 considers SER of SM-FDR systems with HI versus the RSI level l for the cases with and without TAS. Here, the HI level is set to k = 0.15 and SNR is fixed at 30 dB. The RSI power is calculated as σ 2 RSI = l 2 P R , so σ 2 RSI is an increasing function with respect to l. In the case of l = 0, the SER of the SM-FDR system with HI becomes the SER of the SM-HDR system with HI. It can be observed that the impact of l on SERs of the TAS-SM-FDR and non-TAS SM-FDR systems with imperfect hardware are similar because two curves are almost parallel. Compare with the SER of the SM-HDR system (l = 0), the SER of the SM-FDR system is 10 and 100 times higher for the cases of l = 0.15 and l = 0.3, respectively. Therefore, a considerable effort is required to achieve better RSI suppression. Fig. 7 investigates the impact of HI level k on the SER of the considered system with and without TAS when the RSI level is l = 0.15 and SNR = 30 dB. When the HI level is small, i.e., k = 0.05, the SER of the SM-FDR systems with ideal and imperfect hardware are very similar. However, when k increases, the SER of the TAS-SM-FDR system with HI increases significantly. Particularly, when k reaches 0.3, there is little difference between SERs of two cases: with and without TAS. It can also be seen in Fig. 7 that the impact of HI on the SER of the TAS-SM-FDR system is stronger than that of the non-TAS case. For the considered range of HI level (k from 0.05 to 0.3), SER of the TAS-SM-FDR changes from 8 × 10 −6 to 2 × 10 −2 , while SER of the non-TAS system changes from 4 × 10 −3 to 2.5 × 10 −2 , respectively. From Fig. 6 and Fig. 7 , we can conclude that if TAS is not used, the impact of RSI (l) is stronger than that of HI (k). However, for TAS-SM-FDR system, the impact of RSI (l) is weaker than that of HI (k).
V. CONCLUSION
Transmit antenna selection is well known for improving the performance of MIMO transmission, especially for spatial modulation. However, research on the utilization of TAS is still limited because of the complexity of mathematical derivation. To tackle this problem, this paper provides the thorough analysis on using TAS to improve the performance of SM-FDR system in the presence of HI. We successfully derive the mathematical expressions for system performance evaluation in terms of OP and SER. Based on these expressions, the impact of both HI and RSI on the system performance is carefully investigated. Numerical results show that TAS greatly enhances the OP and SER performance of the considered system. Regarding the HI, its effect on TAS-SM-FDR system is more severe at higher data transmission rate. Moreover, the performance of the TAS-SM-FDR system in the presence of HI is even better than the non-TAS-SM-FDR system with ideal hardware. Therefore, the usage of TAS is necessary to improve the performance of the SM-FDR system with HI. Additionally, without TAS, the impact of RSI is stronger than that of HI while it is weaker when TAS is applied. In conclusion, it is advisable to apply not only all SIC techniques for FD transmission but also all analog and digital signal processing methods to remove HI from physical transceivers in order to improve the system performance. In the future, this work can be developed further by applying advanced techniques to enhance the spectrum efficiency such as non-orthogonal multiple access (NOMA) or to use energy more effectively such as energy harvesting, which are currently the focusing points of 5G communication research.
APPENDIXES APPENDIX A
This appendix provides step-by-step for the mathematical derivation of OP for the proposed TAS-SM-FDR system in Theorem 1.
For both cases with and without TAS, we need to compute the probability Pr{γ R < γ th1 }. By applying (10), we can write
If 1−k 2 S γ th1 ≤ 0, i.e. γ th1 ≥ 1/k 2 S , the event in the left-hand side of (27) always occurs as h iR
Reversely, if 1 − k 2 S γ th1 > 0, i.e. γ th1 < 1/k 2 S , (27) can be rewritten as
.
To calculate the probability in (29), we start with the probability density function (PDF, denoted by f (.)) and the cumulative distribution function (CDF, denoted by F(.)) of the instantaneous channel gain amplitude, which follows Rayleigh distribution. For single channel gain, the CDF and PDF of its squared-amplitude, i.e., |h| 2 , are given respectively as
where = E{|h| 2 } is the average of |h| 2 ; E is the expectation operator. In this paper, we normalize = 1 for all channel gains.
In the case that there are N r receive antennas (N rR at R and N rD at D for the considered system) and MRC is applied at the receivers, the equivalent SNR at receiver is equal to the sum of SNRs of all receiver branches. Therefore, it's necessary to determine the sum of N rR channel power gains at R and the sum of N rD channel power gains at D. For example, let's consider the sum of N rR channel power gains at R, which is denoted by A i :
The CDF and PDF of A i are respectively given by [2] :
where (.) is the gamma function, which is defined as [29] .
For TAS scheme, to select the set J S of transmitting antennas at S, all the sums of the channel power gains A i , i = 1, 2, . . . , N tS are rearranged such as in (8) . From that, |J S | antennas are selected from N tS transmitting antennas to get the highest value of A i . In the case that the order statistics are
where B(.) is the beta function, which is defined as B(x, y) [29] . Therefore, the PDF of the received h iR 2 can be derived as [19] 
By substituting F A i (x) and f A i (x) from (33) and (34) into (36), we obtain the PDF of h iR 2 as
Now, by applying the finite sums [29] , i.e.,
where (s, x) ∞ x t s−1 e −t dt is the incomplete gamma function [29] , (37) can be rewritten as
Now, the OP of TAS-SM-FDR can be computed as
By applying the Gaussian-Chebyshev quadrature method [32] , the integral in (40) is resolved as
where M , φ m , and χ R are defined as in Theorem 1. Finally, we can substitute (41) into (40) to get P out 1 for the case that γ th1 < 1/k 2 S and then obtain (20) in Theorem 1. Similarly, we can derive P out 2 as in (21) in Theorem 1. The proof is complete.
APPENDIX B
In this appendix, all steps to derive SER expression of the proposed TAS-SM-FDR system are explained. To calculate SER from (23), F(x) is required for this system. From the definitions of F(x) and OP, i.e. F(x) = Pr{γ e2e < x} and P out = Pr{γ e2e < γ th }, we can obtain F(x) from OP by replacing γ th by x in the OP expression.
Specifically, by replacing γ th1 and γ th2 in (19) in Theorem 1 by x, we obtain: R) , (R, D)} and F 0 (x) are calculated as in (43) and (44), as shown at the bottom of this page, respectively; ψ R = 1 2γ R (1 + φ m ) and ψ D = 1 2γ D (1 + φ n ). As a result, we have
By substituting F(x) in (42) into (23), we have
Denote SER S,R , SER R,D and SER 0 as the first, the second, and the third integrals in (45), respectively, then they can be derived as in (46), as shown at the bottom of Then, by applying [29, Eq. 3 .361], the fourth term of (45) can be rewritten as
where erf(x) 2 √ π
x 0 e −t 2 dt is the error function [29] .
Finally, by substitutinging (46), (47), and (48) into (45), we obtain (24) for the TAS-SM-FDR system with HI as in Theorem 2.
This completes the proof.
